The hybrid organic--inorganic perovskite solar cells (PSCs) have garnered considerable interest because of their unique combination of photophysical and chemical properties, such as excellent light absorption, charge-carrier conductivity, a low-temperature solution-fabrication process and high conversion efficiency.[@cit1]--[@cit6] In 2009, the \[CH~3~NH~3~\]PbI~3~-based perovskite was initially employed as a light sensitizer in the conventional tri-iodide/iodine liquid electrolyte-based dye-sensitized solar cells (DSCs), resulting in a power conversion efficiency (PCE) of 3.8%.[@cit7] Later, in 2012, the efficiency was further increased up to 9.7% by replacing the liquid electrolyte with the p-type solid-state hole-transport material (HTM) **spiro-OMeTAD** in all-solid-state PSCs.[@cit8] Since then, impressive improvements have been achieved regarding the photovoltaic performance and stability of this type of device. Typically, a porous PSC is composed of a fluorine-doped tin oxide (FTO)-covered glass substrate with a thin layer of dense titanium oxide (TiO~2~) as a blocking layer, a mesoporous semiconductor film (usually TiO~2~), the mesoporous film is successively decorated with a layer of perovskite crystal, a HTM layer and finally a metal counter electrode. In this kind of device configuration, the electrical and optical properties of HTMs can efficiently separate and extract the photogenerated holes from the perovskite absorber to the back contact metal, which significantly affect the performance of the devices.[@cit9]--[@cit15] Consequently, extensive research has been devoted to the development of new and efficient HTMs for solid-state PSCs, including inorganic semiconductors,[@cit16],[@cit17] organic small molecule hole conductors[@cit18]--[@cit28] and conducting polymers.[@cit29]--[@cit32] Although a variety of organic HTMs have been developed for PSCs, the most common HTM **spiro-OMeTAD** to date gives rise to the best device performance. However, the multistep synthesis with low yield and time-consuming purification of the **spiro-OMeTAD** limit its potential commercialization in photovoltaics due to the resulting high cost. Moreover, like other organic HTMs, **spiro-OMeTAD** suffers from low intrinsic conductivity (∼10^--5^ S cm^--2^) in its pristine form; chemical p-type dopants, such as Ag-bis(trifluoromethanesulfonyl)imide (Ag-TFSI)[@cit33] and cobalt complexes (FK102),[@cit34] have proven to enhance its conductivity and therefore improve the efficiencies of PSCs. However, the aforementioned doping strategy requires much optimization of the doping conditions, such as the solvents and doping concentrations. Therefore, it is a highly relevant challenge to develop dopant-free HTMs with simpler synthetic routes and comparable device performance to qualify as potential alternatives to **spiro-OMeTAD** for PSC applications.

Herein, two novel Ag-based metal organic complexes are introduced as efficient dopant-free HTMs (**HA1** and **HA2**) for CH~3~NH~3~PbI~3~-based PSCs ([Fig. 1](#fig1){ref-type="fig"}). These HTMs were synthesized through facile reactions in high yields up to 85%. Furthermore, their simple and quick purification without having to use column chromatography makes these HTMs very promising for commercial application in PSCs. The metal--organic complex-based HTMs show excellent conductivity and hole-transport ability. The device based on **HA1**-HTM in its pristine form renders PSCs with a PCE of 11.98% with a high FF of 0.76 under ambient atmosphere conditions, which is comparable to the PCE of the cell employing the well-known doped **spiro-OMeTAD** (12.27% with a FF of 0.69) under the same conditions. The device based on **HA2**-HTM achieved a PCE of 10.79% with an excellent FF of 0.78. As alternatives to **spiro-OMeTAD**, this work is the first report on the use of metal--organic complex as dopant-free HTMs that can significantly increase conductivity and hole mobility, resulting in a high fill factor for PSCs.

![Chemical structures of **HA1** and **HA2**.](c5sc03569d-f1){#fig1}

The molecular structures of the two new HTMs, **HA1** and **HA2**, are shown in [Fig. 1](#fig1){ref-type="fig"} and the synthetic route to the HTMs is shown in Scheme S1.[†](#fn1){ref-type="fn"} The final products were synthesized through a simple process in only two steps. Briefly, 4-methoxy-*N*-(4-methoxyphenyl)-*N*-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline was coupled with 4-bromopyridine or 4-bromo-7-(pyridin-4-yl)benzo\[*c*\]\[1,2,5\]thiadiazole in a Suzuki--Miyaura cross-coupling reaction to obtain **1** in 88% yield and **2** in 85% yield, respectively. The reactions of **1** or **2** with silver bis(trifluoromethylsulphonyl)imide (AgTFSI) afforded **HA1** and **HA2** in quantitative yields.

The UV-vis absorption spectra of these two HTMs measured in CH~2~Cl~2~ solution are displayed in [Fig. 2a](#fig2){ref-type="fig"} and all data are summarized in [Table 1](#tab1){ref-type="table"}. The absorption spectra of the HTMs **HA1** and **HA2** display a maximum absorption peak at 397 nm and 448 nm, respectively. It should be mentioned that **HA2** shows a significant bathochromic shift as compared to that of **HA1**, which can be attributed to the introduction of the electron-withdrawing benzothiadiazole unit into the molecular framework, leading to an enhancement of the intramolecular charge transfer (ICT) from donor to acceptor.

![(a) UV-vis absorption of **HA1** and **HA2** in CH~2~Cl~2~ solution. (b) Energy level diagram.](c5sc03569d-f2){#fig2}

###### Summary of the optical, electrochemical and photoelectrical properties of **HA1** and **HA2**

  HTM       *λ* ~max~ [^*a*^](#tab1fna){ref-type="table-fn"} \[nm\]   *E* ~0--0~ [^*b*^](#tab1fnb){ref-type="table-fn"} \[eV\]   *E* ~HOMO~ [^*c*^](#tab1fnc){ref-type="table-fn"} \[eV\]   *E* ~LUMO~ [^*d*^](#tab1fnd){ref-type="table-fn"} \[eV\]   Hole mobility \[cm^2^ V^--1^ s^--1^\]   Conductivity \[S cm^--1^\]
  --------- --------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- --------------------------------------- ----------------------------
  **HA1**   397                                                       2.64                                                       --5.22                                                     --2.58                                                     6.49 × 10^--4^                          1.05 × 10^--3^
  **HA2**   448                                                       2.25                                                       --5.34                                                     --3.09                                                     8.38 × 10^--4^                          1.78 × 10^--3^

^*a*^Absorption maximum in 1 × 10^--5^ mol L^--1^ CH~2~Cl~2~ solution.

^*b*^ *E* ~0--0~ was determined from the intersection of the normalized absorption and emission spectra.

^*c*^0.1 M of tetrabutylammonium hexafluorophosphate (*n*-Bu~4~NPF~6~) in CH~2~Cl~2~ solution as electrolyte; Ag/0.01 M AgNO~3~ electrode (acetonitrile as solvent) as the reference electrode; a glassy carbon disk (diameter 3 mm) as the working electrode; a platinum wire as the counter electrode. Scan rate: 50 mV s^--1^. Each measurement was calibrated with Fc. *E*Fc1/2 = 0.20 V. *E*~HOMO~ = --5.1 -- (*E*~1/2~ -- *E*Fc1/2).

^*d*^ *E* ~LUMO~ = *E*~HOMO~ + *E*~0--0~.

To evaluate the possibility of hole transfer from the perovskite to the HTM, the electronic properties of **HA1** and **HA2** (Fig. S2[†](#fn1){ref-type="fn"}) were determined by cyclic voltammetry in CH~2~Cl~2~ solutions containing 0.1 mM tetrabutylammonium hexafluorophosphate (TBAPF~6~) as electrolyte in a three-electrode system. The data are presented in [Table 1](#tab1){ref-type="table"}. The HOMO energy level was estimated according to the literature (assuming that the energy level of Fc^+^/Fc = --5.1 eV).[@cit35],[@cit36] The HOMO energy levels of **HA1** and **HA2** are estimated to --5.22 and --5.34 eV, respectively. These values lie above that of CH~3~NH~3~PbI~3~ (--5.43 eV), which should ensure sufficient driving force for the hole injection from CH~3~NH~3~PbI~3~ into the silver-based HTMs. The HOMO energy level of **HA2** is negatively shifted by 120 mV as compared to that of **HA1** due to the introduction of the electron-deficient benzothiadiazole unit. The deeper HOMO energy level indicates that **HA2** may be expected to generate a higher *V*~oc~ than **HA1** in PSCs, since the *V*~oc~ of PSCs theoretically is mainly governed by the energy difference between the quasi-Fermi levels of the electrons in the TiO~2~ and the HOMO energy level of the HTM used. Besides, the LUMO levels of **HA1** (--2.58 eV) and **HA2** (--3.09 eV) are higher than that of CH~3~NH~3~PbI~3~ (--3.93 eV), which should guarantee blocking of the electron transport from CH~3~NH~3~PbI~3~ to Ag counter electrode and hence suppress the carrier recombination.[@cit37]--[@cit39]

To gain insights into the geometric and electronic properties of these new HTMs, density functional calculations (DFT) were performed using the Gaussian 09 program package at the B3LYP/6-31G(d)\* level of theory. In optimal structural conformations shown in Fig. S3,[†](#fn1){ref-type="fn"} the electron density distribution of the HOMOs of the **HA1** and **HA2** are mainly located at the donor triphenylamine part, whereas the electron density distributions of the LUMOs are primarily located at the acceptor units (pyridine unit for **HA1** and benzothiadiazole and pyridine units for **HA2**) and to a small extent at the neighboring benzene ring. Hence, the substantial overlapping between HOMO and LUMO orbitals guarantee the prerequisites for the fast formation of neutral excitons and hole-transfer transitions.[@cit40] Consequently, fast hole transport may suppress charge-recombination at the TiO~2~/HTM interface.

The hole mobility and conductivity are significant parameters for estimating the potential usability of new HTMs in PSC applications. Here, the hole mobility of the HTMs were determined by using space-charge-limited currents (SCLCs) following previous reports[@cit35],[@cit36] and the conductivity was determined by using a two-contact electrical conductivity setup.[@cit41],[@cit42] The detailed results are presented in [Table 1](#tab1){ref-type="table"}. Obviously, the **HA2**-based HTM shows higher hole mobility (8.38 × 10^--4^ cm^2^ V^--1^ s^--1^) and conductivity (1.78 × 10^--3^ S cm^--1^) than that of the **HA1**-based HTM (6.49 × 10^--4^ cm^2^ V^--1^ s^--1^ and 1.05 × 10^3^ S cm^--1^), which is ascribed to the introduction of the benzothiadiazole unit expected to enhance the backbone π-coplanarity, resulting in more efficient π--π stacking in HTM films. The results clearly highlight that the two Ag-based HTMs show outstanding conductivity, which can be attributed to the strong face-to-face π--π stacking assisted by Ag···Ag forces, that leads to favorable enhancement of conductivity.[@cit43] Notably, the charge-carrier mobility and conductivity of **HA1** and **HA2** are significantly higher than that of the well-known HTM **spiro-OMeTAD** (5.31 × 10^--5^ cm^2^ V^--1^ s^--1^ and 8.67 × 10^--5^ S cm^--1^),[@cit35] indicating that **HA1** and **HA2** may be suitable candidates as HTMs for PSCs ([Fig. 3](#fig3){ref-type="fig"}).

![(a) *J*--*V* plots of the hole-only devices based on **HA1** and **HA2**. (b) Conductivity characteristics of devices based on **HA1** and **HA2**.](c5sc03569d-f3){#fig3}

The top-view SEM images of the perovskite film on TiO~2~ and the **HA1** film on perovskite are shown in Fig. S4a and b.[†](#fn1){ref-type="fn"} It can be clearly seen that the perovskite film completely covers the TiO~2~ substrate with rough perovskite nanocrystals, which is similar to that of the perovskite capping layer grown on a mesoporous TiO~2~ substrate using two-step sequential deposition, after spin-coating a thin HTM **HA1** layer on the top of the perovskite film; the surface appears uniform with 100% coverage by the HTM layer. As shown in Fig. S4d,[†](#fn1){ref-type="fn"} the thickness of the **HA1** layer is estimated to be ∼30 nm, which is thick enough to prevent direct contact between the perovskite layer and the electrode.

The current--voltage (*J*--*V*) curves of these PSCs based on HTMs **HA1** and **HA2** are shown in [Fig. 4](#fig4){ref-type="fig"} and the corresponding photovoltaic parameters are tabulated in [Table 2](#tab2){ref-type="table"}. The **HA1**-based PSCs provided a final PCE of 11.98% with a short-circuit current density (*J*~sc~) of 17.28 mA cm^--2^, an open-circuit voltage (*V*~oc~) of 0.912 V and a fill factor (FF) of 0.76, while **HA2**-based PSCs showed a slightly lower PCE of 10.79% with a *J*~sc~ of 15.12 mA cm^--2^, a *V*~oc~ of 0.915 V and a FF of 0.78. The lower *J*~sc~ value for devices based on **HA2** relative to those based on **HA1** is in agreement with the incident photon-to-current conversion efficiency (IPCE) spectra with ≈75% maximum conversion for **HA1**-based cells as compared to ≈60% for **HA2**-based ones. However, the slightly higher *V*~oc~ of **HA2**-based devices should be attributed to the much deeper HOMO energy level, and the higher charge-carrier mobility and conductivity of **HA2** are responsible for its higher fill factor. Under the same fabrication conditions, the cell based on **spiro-OMeTAD** achieved a PCE of 12.27% with a *J*~sc~ of 19.57 mA cm^--2^, *V*~oc~ of 0.910 V and FF of 0.69. Clearly, the photovoltaic performance of the PSCs employing **HA1** as a HTM is comparable to that of the cell based on **spiro-OMeTAD**. Notably, PSCs based on **HA1** and **HA2** show a remarkably higher FF than that of **spiro-OMeTAD**-based devices, which can be attributed to the high metal--organic HTM charge-carrier mobility and conductivity. These promising results indicate that the strategy of designing metal--organic, complex-based HTMs is an attractive route to high-performance PSCs. In order to show the impact of the hysteresis on our device performances, all the devices were prepared and tested under the same working conditions. Notably, PSCs based on **HA1** and **HA2** showed similar minor hysteretic behavior, while **spiro-OMeTAD** showed a little bit higher hysteresis behavior, as shown in Fig. S5.[†](#fn1){ref-type="fn"} The results indicated that the *I*--*V* hysteresis may be influenced by the conductivity of the hole transport material.

![(a) *J*--*V* characteristics of the solar cells with **HA1**, **HA2** and **spiro-OMeTAD** as the HTM. (b) The IPCE spectra of characteristics of the perovskite solar cells with **HA1**, **HA2** and **spiro-OMeTAD** as the HTM.](c5sc03569d-f4){#fig4}

###### Current--voltage characteristics for PSCs based on different HTMs

  HTMs               *J* ~sc~ (mA cm^--2^)   *V* ~oc~ (V)   FF     PCE (%)
  ------------------ ----------------------- -------------- ------ ---------
  **HA1**            17.28                   0.912          0.76   11.98
  **HA2**            15.12                   0.915          0.78   10.79
  **Spiro-OMeTAD**   19.57                   0.910          0.69   12.27

To illustrate the hole extraction and transport of the HTMs, we measured time-resolved photoluminescence (TR-PL) of HTM/CH~3~NH~3~PbI~3~/glass devices, as shown in Fig. S6.[†](#fn1){ref-type="fn"} Obviously, the TR-PL in the HTM/CH~3~NH~3~PbI~3~/glass film shows significant decay and much faster than that in the pristine perovskite film, confirming that fast hole transfer from perovskite into the HTM layer.[@cit44]

To confirm the reproducibility of device performance, we tested 36 devices that were fabricated using **HA1**, **HA2** and **spiro-OMeTAD**. Histograms of the cell-performance characteristics are shown in [Fig. 5](#fig5){ref-type="fig"}. The average PCEs ([Fig. 5a](#fig5){ref-type="fig"}) of the devices with **HA1** were comparable to those of the devices with **spiro-OMeTAD** with high reproducibility. Notably, the average FF of the devices ([Fig. 5b](#fig5){ref-type="fig"}) based on **HA1** and **HA2** was significantly higher than those of the devices with **spiro-OMeTAD**, indicating that the integration of metal cations into organic anionic materials is propitious to a high fill factor.

![Histogram of solar cells efficiencies for 36 devices based on different HTMs.](c5sc03569d-f5){#fig5}

Conclusions
===========

In summary, we have designed a new type of hole-transport material based on silver metal--organic complexes as alternatives to the expensive **spiro-OMeTAD** for PSCs. The recorded electrical conductivity of ∼10^--3^ S m^--1^ for this type of HTM in the pristine form is significantly higher than that of **spiro-OMeTAD** (∼10^--5^) by over two orders of magnitude. PSCs based on **HA1** displayed a PCE of 11.98% under ambient atmosphere conditions, which is comparable to that of the cell employing the commonly used doped **spiro-OMeTAD** (12.27%), while the **HA2**-based cell showed a slightly lower performance with a PCE of 10.79%. Moreover, the devices based on the two new HTMs exhibit an extraordinary fill factor of 0.76 (**HA1**) and 0.78 (**HA2**). Compared with the state-of-the-art HTM **spiro-OMeTAD**, these dopant-free HTMs exhibit some beneficial properties, such as the low-cost, easy synthesis and purification with high yields as well as a competitive photovoltaic performance. Our work provides some insightful information for the further development of low-cost HTMs based on metal--organic complexes for future PSC applications.
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